A high-efficiency low-power chip-based liquid crystal (LC) driver has been successfully designed and implemented for adaptive electro-optic eyewear including tunable vision correction devices (eyeglass, contact lens, intraocular lens, occluder, and prism), phoropter, iris, head-mounted display, and 3D imaging. The driver can generate a 1 kHz bipolar square wave with magnitude tunable from 0 V to 15 V to change the lens focus adaptively. The LC driver output magnitude is controlled by a reference DC voltage that is manually tunable between 0 and 3 V. A multi-mode 1×/2×/3×/4×/5× charge pump is developed for DC-DC conversion to expand the output range with a fast-sink function implemented to regulate the charge pump output. In addition, a new four-phase H-bridge driving scheme is employed to improve the DC/AC inverter efficiency. The LC driver has been successfully implemented and tested as an IC chip (8.6 mm × 8.6 mm) using AMS 0.18 µm High-Voltage CMOS technology.
Introduction
Electrically tunable liquid crystal (LC) lenses, prisms, irises, and occluders are very useful in vision-related applications, such as eyeglass [1] , contact lens [2] , phoropter [3, 4] , treatment for amblyopia and strabismus [5] , head-mounted display [6] [7] [8] [9] [10] (virtual reality, augmented reality, and mixed reality), and 3D imaging [1, 11] . The electrically tunable power of the LC lenses and prisms (or the transmission of the occluders) can be adjusted with varying refractive indices (or the scattering) due to re-orientations of LC directors controlled by the applied electric fields. For eyewear applications, relatively small and safe drive voltages but still a large enough range (e.g., up to 15 V rms ), compactness and low power consumption are critical for effective LC lens applications [1, [12] [13] [14] [15] . According to the literature, it has been demonstrated that LC lenses based on patterned electrodes for phase modulation provide the best optical wavefront and imaging quality with smaller aberrations. In this case, different voltages are applied to the electrodes to form the desired phase profile. This indicates that multiple output channels are needed for the LC driver. LC lenses usually require a standard square wave with adjustable RMS voltage amplitudes as a controller for adaptive varifocal tuning. Typically, a small size battery, and a DC-AC converter with adjustable output amplitude can be used to generate a desired driving voltage for effective LC varifocal length control. The switched-capacitor charge pump (SC-CP) regulators [16] , which can either step up or step down the input voltage, are the preferable form of the DC-DC converter for generating square waves of various amplitudes, since they can be easily implemented with integrated circuits. However, traditional charge pumps, which have a fixed multiplication ratio, are not flexible in generating a wide range of different output voltages for LC lens applications. In this work, a multi-mode charge pump will be used to improve the LC driver efficiency in voltage generation. By alternating the gate control voltages of the switching transistors, the charge pump can connect flying capacitors in parallel or series during charging and discharging periods, and consequently multiple conversion ratios can be obtained. The optimum mode of the charge pump is automatically determined by the input voltage. Once the optimum mode is selected, a bang-bang control topology can be further used to regulate the output voltage of the charge pump. However, a charge pump outputs DC signals only. We need to convert them to square waveforms (AC) for applications in electro-optic lens.
To convert a DC voltage to a square wave, one can use an inverter to periodically switch the polarity of a DC input generated by the charge pump. Two simplest topologies of the inverters are half-bridge and full-bridge inverters. Implementing a full-bridge inverter requires two more transistors than a half-bridge inverter, but the peak-to-peak output voltage is twice as large as that of the half-bridge inverter.
In this work, a new chip-based LC lens driver has been designed for low power portable applications. The system is powered by a single lithium-ion button cell with a voltage of 3 V, while the output RMS voltage of the square wave is adjustable from 0 V to 15 V through the control of the input reference voltage. The input reference voltage can be changed by turning a knob of a trimpot manually. The amplitude of the LC driver output voltage is supposed to be 5 times as large as the reference voltage. The charge pump automatically changes the conversion mode and regulates the output voltage to generate the required DC voltage level; the DC voltage is then converted to AC voltage by the full-bridge inverter. The high output RMS voltage (up to 15 V) is crucial for LC driver in tunable-focus lens control. The high-voltage CMOS (HV-CMOS) process for chip fabrication is gaining popularity recently for many high-voltage applications [17] . An important feature of the HV-CMOS process is the existence of a deep n-well (DNW) in a moderately p-doped bulk allowing the circuits to be isolated from high voltages. The LC driver in this work will be implemented with AMS HV CMOS technology to achieve the high voltage output for lens focus control.
The rest of this paper is organized as follows. The system architecture and the detailed design of the CMOS LC driver are introduced in Section 2. The methodology for improving the design and some of the system simulation results are presented in Section 3. The LC driver chip implementation and testing results are given in Section 4. Finally, some conclusions are drawn in Section 5.
LC Device Driver Design
The system architecture of the proposed chip-based LC driver is shown in Figure 1a . The system consists of a trimpot, a mode selector, a gate controller, a level shifter, a charge pump regulator, a comparator, a voltage divider, a fast sinker, and an inverter.
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For a specific value of VREF, one of the mode selection signals is automatically enabled according to the selection rule in Table 1 , and all other mode signals are disabled. The structure of the proposed multi-mode charge pump is shown in Figure 1b . The operation mode is determined by the gate voltages applied to the transistors at the charge pump through Gate Control module in Figure 1a . It should be noted that the charge pump output voltage VDC in Figure 1a is determined by the voltage divider and the feedback regulator [18, 19] . With the voltage divider ratio chosen as 1/5, the output voltages VDC and VAC (RMS) are 5 times as large as the input voltage VREF regardless of the charge pump operation mode [20] . The multi-mode charge pump in Figure 1a simply provides a wide range of output voltages.
The charge pump operates in two phases, i.e., charging and discharging phases, for each of the five multiplication modes. In the charging phase, all the flying capacitors are parallel-connected and charged to the voltage of Vin, while in the discharging phase, the flying capacitors are seriesconnected to the input source and release charges to the output and the ground. The transistor switching states in Figure 1b according to the modes and the phases are presented in Table 2 , where "X" indicates the corresponding transistor is turned on. Table 2 . Charge pump transistor switching states control according to the modes and phases.
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Charging phase Discharging phase The reference voltage (V REF ) can be adjusted between 0 V to 3 V by tuning the trimpot manually. This voltage is used for the operating mode selection at the mode selector and is also used to adjust the charge pump output voltage according to the mode selection rule specified in Table 1 . 
For a specific value of V REF , one of the mode selection signals is automatically enabled according to the selection rule in Table 1 , and all other mode signals are disabled. The structure of the proposed multi-mode charge pump is shown in Figure 1b . The operation mode is determined by the gate voltages applied to the transistors at the charge pump through Gate Control module in Figure 1a . It should be noted that the charge pump output voltage V DC in Figure 1a is determined by the voltage divider and the feedback regulator [18, 19] . With the voltage divider ratio chosen as 1/5, the output voltages V DC and V AC (RMS) are 5 times as large as the input voltage V REF regardless of the charge pump operation mode [20] . The multi-mode charge pump in Figure 1a simply provides a wide range of output voltages.
The charge pump operates in two phases, i.e., charging and discharging phases, for each of the five multiplication modes. In the charging phase, all the flying capacitors are parallel-connected and charged to the voltage of V in , while in the discharging phase, the flying capacitors are series-connected to the input source and release charges to the output and the ground. The transistor switching states in Figure 1b according to the modes and the phases are presented in Table 2 , where "X" indicates the corresponding transistor is turned on. Mode  1×  2×  3×  4×  5×  1×  2×  3×  4×  5× G1U
The Level Shift module in Figure 1a is used to shift the voltage levels of transistor gate control voltages to ensure each transistor operates in an appropriate region. The divider and the comparator in Figure 1a are the feedback components to regulate the output voltage of the charge pump (V DC ) to generate the desired output voltage amplitude by the charge pump. If the divider voltage ratio is set to 1: N, the charge pump output voltage will be amplified N-1 times larger than the input voltage [21] . An internal oscillator is designed with a typical current-starved ring VCO to generate 10 kHz and 1 kHz clock signals. 10 kHz clock is used to pace the charge pump output so that the output responds to the input voltage change promptly. The 1 kHz clock controls the pass transistors in the H-bridge inverter to ensure that 1 kHz bipolar square wave will be generated for driving LC devices.
Other innovative function modules in the LC driver design such as the closed-loop output regulator, H-bridge inverter and fast charge-sinker will be detailed in the next section.
Design Features and Simulation Results
Several innovative features have been included in the LC driver design to improve its performances in power consumption, response time and efficiency. Specifically, the design advantages using the closed-loop output regulator, H-bridge inverter, fast charge sinker and others are to be deliberated.
Bang-Bang Closed-Loop Output Regulator
Linear regulation is widely used to control charge pump output in a closed loop. However, a linear regulator could be very inefficient and lead to a possible large drop in the output voltage [22] [23] [24] [25] . In this design, we use the bang-bang control topology to regulate the charge pump's output. Since the regulator is a purely capacitive switch, theoretically it could achieve near 100% power efficiency. The range of the voltage bang is determined by the hysteresis voltage of the comparator. By carefully designing this voltage regulator, we can achieve a bang within the output voltage ripple requirement. Moreover, by using the bang-bang control method, we can use a rail-to-rail comparator instead of the traditional rail-to-rail OPAMP in the control loop for much reduced power consumption. The rail-to-rail comparator consumes much less power since it does not need a feedback loop that is always stable. The power optimization of this rail-to-rail comparator should be balanced with the requirement that its slew rate is high enough to respond in time to the worst-case output voltage drop of the charge pump.
Low-Power H-Bridge Inverter
A new low-power H-bridge driving scheme is used to minimize the power consumption of the H-bridge inverter. The operation period of the H-bridge is composed of four phases, which are shown in Figure 1c . In phases B and D, both PMOS switches are turned off and both NMOS switches are turned on. For the negative voltage output, the charges are drawn from the ground only without consuming energy of the power supply. In phases A and C, the supply voltage only needs to charge the capacitor from 0 to +V CP , instead of charging from −V CP to +V CP , where V CP is the desired charge pump output voltage. The gate control waveform A of the H-bridge in Figure 1c is the 1 kHz square waveform generated by the internal oscillator and the control waveform B is the inverted version of waveform A. Compared with the regular two-phase H-bridge inverter [26] [27] [28] [29] , the power consumption of the new H-bridge inverter is much reduced.
Fast Charge Sinker
When the charge pump needs to lower its output voltage, it generally discharges through the output load. As the load current may be very low, discharging could be time-consuming and lead to a slow response to input change [30, 31] . To alleviate this issue, we introduce a charge-sinking transistor in the charge pump to facilitate the discharging process. Without the fast sinking circuit, the simulation result shows that it takes 82 ms for the driver to switch from the 5× mode to 4× mode. For lower output voltages, the response times are even longer. The extended ramp-down times for the charge pump may not be acceptable in lens applications since flashing or dimming may become noticeable by the person who wears the lenses. Therefore, in this work a fast sinking circuit is implemented to address this issue. The fast sink logic detects the step-down edge of the reference signal and then generates a one-shoot pulse to turn on the sinking transistor in the charge pump. The one-shoot circuit is a RC-delay network capable of generating a sink triggering pulse with a certain width. The sizing of the delay RC circuit is determined by the time constant of the sinking transistor resistance and the equivalent output capacitance. With the new design, the simulation shows that the output sinking process can be accomplished within 62 µs.
System Opitmization and Simulations
Besides the innovative modules described above used in the design, the LC driver in Figure 1a has been optimized intensively in terms of minimizing power consumption and operation efficiency. The length and width of each transistor are carefully selected and optimized to improve the power consumption and efficiency [32] [33] [34] . The multiple types of level-shifting circuits are designed to minimize the consumed power and to maximize the circuit efficiency.
The regulated multi-modes LC driver with improved efficiency is designed with AMS 0.18 µm 20 V V GS , 50 V V DS High-Voltage CMOS technology and simulated with Cadence. Figure 2a 
Implementation and Testing Results
The designed LC driver has been fabricated into a chip with AMS 0.18 μm high-voltage CMOS (H18A6) process with the maximum gate and drain voltages up to 20 V and 50 V, respectively. The fabrication was completed in the form of MPW contracted through CMP Corp. The whole design was 
The designed LC driver has been fabricated into a chip with AMS 0.18 µm high-voltage CMOS (H18A6) process with the maximum gate and drain voltages up to 20 V and 50 V, respectively. The fabrication was completed in the form of MPW contracted through CMP Corp. The whole design was floor-planned, laid out and verified with Cadence IC 6.1. 6 [35] and AMS design kit Hitkit 4.11 [36] .
The layout of the driver chip is shown in Figure 3a . The whole chip consists of four independent LC drivers (or channels) with each of them controlled by a separate reference voltage for lens tuning. The circuit diagram of the whole chip is shown in Figure 3b . The 4 LC drivers shown in the figure are the same as discussed in the previous sections. The level shifting circuit and the oscillators generating 10 kHz and 1 kHz clocks are shared by 4 LC drivers in the chip. To limit the chip size and the number of input/output pins for portable applications, we had only the input/outputs of two channels bonded for packaging. Two LC driving channels currently are sufficient for some lens applications such as eyeglass control with each of the channels tuning one of two glass lenses [1, 37] . Figure 3c shows the 44-pin bonding diagram for chip packaging, and Figure 3d is the actual chip fabricated by the AMS.
for packaging. Two LC driving channels currently are sufficient for some lens applications such as eyeglass control with each of the channels tuning one of two glass lenses [1, 37] . Figure 3c shows the 44-pin bonding diagram for chip packaging, and Figure 3d is the actual chip fabricated by the AMS.
The testing circuit board has been developed for the chip fabricated with H18 CMOS process and is shown in Figure 3e . Besides the chip, the circuit board [38] also includes a 3 V lithium-ion battery, 8 external 10 μF flying capacitors used for two charge pumps, two input reference voltage generators that can be adjusted between 0 and 3 V manually, and other auxiliary components. The output waveforms of the testing circuit board are applied to a 10 μF capacitor to simulate LC driving load as well as the actual LC cells and lenses. Some of the testing parameters and results are listed in Table 3 . The ramp-up and ramp-down times of the charge pumps are basically observed to be the same as the simulation results. The ramp-down time of the charge pump is very small due to enaction of the fast sinking circuit. The power consumption of the LC driver (each channel) was recorded to be about 1.6 mw; and the total power consumed by the entire chip is about 3.5 mw, slightly more than 2 times as much as each channel power. The low power consumption of the designed chip allows the circuit to operate for months or even years without replacing the battery [39] .
The output driving waveforms from one of the channel testing results with two different input control voltages are displayed in Figure 3f 
(f) The generated output driving waveform with VREF = 1 V.
(g) The generated output driving waveform with VREF = 2 V. The testing circuit board has been developed for the chip fabricated with H18 CMOS process and is shown in Figure 3e . Besides the chip, the circuit board [38] also includes a 3 V lithium-ion battery, 8 external 10 µF flying capacitors used for two charge pumps, two input reference voltage generators that can be adjusted between 0 and 3 V manually, and other auxiliary components. The output waveforms of the testing circuit board are applied to a 10 µF capacitor to simulate LC driving load as well as the actual LC cells and lenses. Some of the testing parameters and results are listed in Table 3 . The ramp-up and ramp-down times of the charge pumps are basically observed to be the same as the simulation results. The ramp-down time of the charge pump is very small due to enaction of the fast sinking circuit. The power consumption of the LC driver (each channel) was recorded to be about 1.6 mw; and the total power consumed by the entire chip is about 3.5 mw, slightly more than 2 times as much as each channel power. The low power consumption of the designed chip allows the circuit to operate for months or even years without replacing the battery [39] . The output driving waveforms from one of the channel testing results with two different input control voltages are displayed in Figure 3f ,g. The waveforms indicate that the output voltage in RMS is amplified to be 5 times as large as the input voltage. The output square wave's frequency is about 1 kHz.
To test if the designed LC driver operates properly for actual lens focus control, the output of the circuit board in Figure 3e was applied to a 10 µm-thick nematic LC cell in a standard crossed polarizer setup shown in Figure 4a . The LC material is sandwiched between two glass substrates uniformly coated with a thin transparent and conductive layer of indium tin oxide (ITO), and the output voltage from the driver is applied to the two ITO layers. A collimated He-Ne laser working at 543.5 nm is used as the lighting source. The LC device is placed between two crossed polarizers, which are aligned with their transmission axes at 45 • and −45 • respectively to the vertical (y) axis. A detector connected to a computer is employed to record the intensity values. Initially, the long axis of the liquid crystal is close to the vertical direction. With the applied voltage above the threshold value, the liquid crystal molecules will start to tilt, generating different birefringence between the ordinary and extraordinary components of the light. For each position, the irradiance at the detector changes with the change of the phase difference (Φ) between the ordinary and extraordinary components at the exit surface of the device. The intensity value I is given by
where I 0 is the incident intensity. When no voltage is applied to the electrodes, a certain amount of light will be transmitted through the analyzer. Specifically, when a voltage is applied so that Φ = π, the transmission reaches the maximum, and when Φ = 2π, the transmission reaches the minimum. Figure 4b -e shows 4 examples of the square wave displayed on the oscilloscope. Figure 4f shows the variation of the normalized intensity under the impact of 1 kHz LC driver voltages (RMS) changing from 0.5 V to 10 V that are generated by the IC-designed driver in Figure 3e . It demonstrates that the desired electro-optic responses of the LC device are obtained when appropriate driving voltages are applied. The result also indicates the LC driver works as expected for the LC cell foci control. Figure 4g illustrates the relative phase retardation as a function of the applied voltage, which is obtained based on the data in Figure 4f and the above mentioned intensity-phase relationship. Figures 4b-e show 4 examples of the square wave displayed on the oscilloscope. Figure 4f shows the variation of the normalized intensity under the impact of 1 kHz LC driver voltages (RMS) changing from 0.5 V to 10 V that are generated by the IC-designed driver in Figure  3e . It demonstrates that the desired electro-optic responses of the LC device are obtained when appropriate driving voltages are applied. The result also indicates the LC driver works as expected for the LC cell foci control. Figure 4g illustrates the relative phase retardation as a function of the applied voltage, which is obtained based on the data in Figure 4f and the above mentioned intensityphase relationship. 
Conclusions
A chip-based low-power liquid crystal device driver for portable adaptive eyewear applications has been successfully designed and tested in this work. The challenging demand for high-voltage output for chip-based driver has been met in this design. These distinct features make the use of this device possible in a wide range of wearable LC devices and applications. To improve the performance of the device, we use a few innovative circuit components in the design. A multi-modes charge pump has been designed to generate a desired range of voltage output. Bang-bang control topology has been used for the effective regulation of the output voltage from the charge pump. An innovative 
A chip-based low-power liquid crystal device driver for portable adaptive eyewear applications has been successfully designed and tested in this work. The challenging demand for high-voltage output for chip-based driver has been met in this design. These distinct features make the use of this device possible in a wide range of wearable LC devices and applications. To improve the performance of the device, we use a few innovative circuit components in the design. A multi-modes charge pump has been designed to generate a desired range of voltage output. Bang-bang control topology has been used for the effective regulation of the output voltage from the charge pump. An innovative charge-sinking circuit is designed to greatly facilitate charge-pump ramp-down time. A new H-bridge inverter has been used for improving DC-to-AC conversion efficiency. The advantage of the new chip-based driver is that it is capable of generating the largest driving voltage amplitude range (30 V in peak-to-peak swing) in the literature for more robust adaptive lens control. On the other hand, the larger output voltage swing would slightly increase the power consumption of the drive chip. With successful design and implementation of this new chip-based LC driver, we envision that various kinds of adaptive eyewear have been made possible. The eyewear can be for vision correction and treatment, or image display, or retinal imaging. In the future design, the dimensions of the packaged chip and the circuit board will be further shrunk to make them installable in the frame of regular eyeglasses to achieve fully-adaptive closed-loop smart eyewear. 
